This paper presents an innovative method for estimating wind velocity using an optical flow sensor mounted on a miniature air vehicle (MAV). Using the flow of features measured by the optical flow sensor in the longitudinal and lateral directions, the MAV's crab-angle is estimated. By combining the crab-angle with measurements of ground track from GPS and the MAV's airspeed, the wind velocity is computed. Our algorithm allow this computation to be performed in real time on board an MAV. Unlike previous techniques, this approach does not require the use of magnetometers. This algorithm has been implemented and its effectiveness demonstrated through experimental test results.
I. Introduction
Autonomous miniature air vehicles (MAVs) are becoming increasingly popular platforms for the collection of data about an area of interest for military and commercial applications. Winds that are a significant percentage of the MAV's airspeed are often present and affect both the flight and data-collection abilities of the MAV. When these winds are present, the airframe has to "crab" into the wind, causing the course (direction of ground velocity) to deviate from the airframe's heading. There are important flight control benefits to knowing the crab-angle: it enables improved control design by providing additional state information for fixed-wing MAVs and is required for the control of Vertical Take-off and Landing (VTOL) MAVs. In addition to flight control applications, knowledge of the wind velocity is also beneficial when the pose of the aircraft is used for data collection. For example, in Barber et al., 4 it was shown that estimating the wind velocity led to significantly more accurate geolocation estimates of a target. In addition, the wind velocity estimated onboard the MAV could be used by higher-level applications such as tracking a toxic cloud during a chemical or biological attack, prediction of how a forest fire will spread, etc.
The geometric basis of estimating wind velocity (horizontal speed and direction) is demonstrated in Figure 1 . As shown in Figure 1 , information about the MAV's air velocity (V a ) and ground velocity (V g ) can be used to estimate wind velocity (V w ). In How et al., 8 wind estimation is enabled by equipping the MAV with a magnetometer, Global Positioning System (GPS), and airspeed sensors. The GPS unit is used to estimate V g while the magnetometer and airspeed sensors are used to measure V a . Magnetometers, however, are sensitive to magnetic interference from the MAV's electric components and other magnetic fields typical in low-altitude flight. To enable estimation of wind velocity without a magnetometer, Barber et al. 4 and Kumon et al. 9 introduced techniques that use only GPS and airspeed sensors. These techniques, however, require the MAV to fly at different headings to obtain the measurements needed to estimate wind velocity.
In this paper, we present a novel method for calculating wind velocity using an optical flow sensor (OFS) onboard an MAV. Using the flow of features across an OFS in the longitudinal direction and lateral direction, the MAV's crab-angle (β in Figure 1 ) is estimated. Combining this crab-angle with data from GPS and airspeed sensors enables us to compute the wind velocity. This approach is advantageous because it does not require the use of a magnetometer nor the flight of the MAV at different headings.
The remainder of the paper is organized as follows. In Section II we derive a method for calculating the wind velocity, and then we explore the workings of our OFS, including a discussion of the sample rate. In Section III we describe the software and hardware that are used for the simulation and flight tests. We present our results demonstrating the effectiveness of our method in Section IV, and offer concluding remarks in Section V. The following three terms are all 2D vectors with the first component denoting speed in the North direction and the second component denoting speed in the East direction.
• V g -MAV's ground velocity
II. Using an Optical Flow Sensor to Estimate Wind
OFSs have been used for collision avoidance in Griffiths et al. 7 and in Green et al. 6 and to estimate height above ground in Barber et al. 3 In Barrow et al. 5 the authors imitate an insect's use of optical flow in vision for unmanned aerial vehicle (UAV) navigation. In this section we discuss a novel implementation of an OFS: estimating wind velocity. We derive our algorithm to calculate wind velocity, explore the parameters of our specific OFS, discuss our choice of the sampling rate, and investigate the effects of different optics to our data.
A. Calculating Wind Velocity using an OFS
Wind velocity, V w , as shown in Figure 1 , can be computed by subtracting the MAV's air velocity, V a , from the MAV's ground velocity, V g . V g is obtained using GPS data, and the magnitude of V a is obtained from the dynamic pressure sensor. The wind estimation problem is then reduced to finding the direction of V a (heading). Our novel solution involves using an OFS to estimate the crab-angle β. This crab-angle is then subtracted from the ground track to give the MAV's heading (direction of V a ) as seen in Figure 1 .
An OFS measures the flow of features across a CMOS imager. It outputs two values every sample period, dx and dy, known as the sensor count representing the total optical flow across the imaging array, in the x and y directions, respectively. For our experiments, we place the optical flow on the MAV's belly directly facing the ground to obtain a sensor count of the flow of features on the ground. We used the OFS to determine the crab-angle of the MAV by relating the flow of features across the imaging array in the longitudinal direction dx to the flow of features in the lateral direction dy according to
Notice that since dx can only be positive in real-flight for a fixed wing MAV (it does not fly backwards), then β is restricted to angles between [−π/2, π/2]. A positive β specifies a crab-angle towards the right and a negative β specifies a crab-angle towards the left.
The MAV's heading is computed by subtracting this crab-angle from the ground track:
The MAV's air velocity V a is then computed as:
where the subscripts n and e represent quantities related to North and East, respectively. The wind velocity is then determined by
or
The wind speed V w and wind direction ξ are estimated:
and
f dẋ θ p n extra Figure 2 . Relationship between change in pitch and increase in dx sensor count.
Changes in the MAV's pitch and roll per sample period, denotedθ andφ, affect the dx and dy sensor count. Note in Figure 2 that for small angles
where p n is the number of pixels in the OFS image array in each direction, f is the field of view, and extra dx is the additional dx acquired from the change in pitch. Therefore, a change in pitch ofθ adds approximately θ p n /f to the dx sensor count. Similarly, a change in roll ofφ would subtract approximatelyφp n /f to the dy sensor count. The corrected sensor counts are:
These (dx anddy) are the actual values used in Equation 1 (instead of dx and dy).
B. Sensor
The sensor used is Avago's ADNS-3080 optical-flow sensor, which measures only 22.3 mm by 6.0 mm and runs at 6400 frames per second. It requires a light intensity of 80 mW/m 2 at a wavelength of 639 nm or 100 mW/m 2 at a wavelength of 875 nm (these values are typically available during daylight hours). The ADNS-3080 measures the flow of features across a 30 × 30 pixel CMOS imager. It outputs two values, dx and dy, representing the total optical flow across the sensor's field of view in both the x and y directions. These values are stored in a buffer which can store accumulated optical flow readings of up to 128 pixels. Once the buffer is full no more optical flow readings are accumulated until the buffer has been read. Reading the buffer clears it and allows it to begin re-accumulating optical flow measurements.
2 The OFS is mounted such that that the x-axis points out the MAV's nose and the y-axis (y = −y) is reversed so that it points out the right wing to maintain the standard aircraft body reference frame orientations. Therefore, the flow data in the x-direction corresponds to forward motion of the MAV and the flow data in the y-direction corresponds to side motion of the MAV.
C. Sample Rate
A critical consideration when equipping an MAV with an OFS is the selection of sample rate. As expected, the sensitivity of the sensor changes with height above ground (HAG). The flow of features is much more rapid at lower HAG. Sampling too slow at lower HAG may cause overflow in the OFS's buffer, but sampling too fast at higher HAG may prevent the OFS from picking up appreciable optical flow. We are motivated to find a dynamic sample rate that adjusts with different HAG while maintaining a constant sensitivity. This is accomplished by finding the relation between the HAG and the sensor count, and then by taking the derivative to see how a small change in the HAG affects the combined sensor count (γ) defined as If we consider the case of steady, level flight, from Figure 3 we note that the HAG of the MAV can be determined from the optical flow:
where h is the HAG, p n is the number of pixels in the image array, f is the field of view, V g is the ground speed, T s is the sampling period, and γ is the combined sensor count. Note from Figure 3 that the approximation in Equation 14 is valid for small angles such as those used in the OFS since α ≈ γf /p n .
The gain of the sensor (in this case, the inverse of the static sensitivity) is defined as the ratio of units of HAG per combined sensor count:
For the speeds, sample rates, and heights of interest, the small angle approximation in Equation 18 is valid with an average error of 0.5 percent and a maximum error of 4 percent, which occurs when the height is smallest.
3

From Equation 19
we can obtain a dynamic sample rate:
A good approximation for the HAG is obtained from the static pressure sensor. If a mission requires the MAV to fly over mountainous terrain, the method in Barber et al. 3 can be implemented to approximate the HAG with an OFS. Barber et al. 3 report that in flight tests, using a dynamic sample rate to fix sensor gain cuts noise drastically at high HAG while significantly increasing the sample rate and thus preventing buffer overflow.
D. Optics
A critical consideration in outfitting our MAV with an OFS is the setup of the optics. Narrow angle lenses increase the HAG at which the MAV will be able to pick up appreciable optical flow. This comes at the expense of increasing the longitudinal lens size. At low HAG narrow angle lenses may cause the flow rate seen by the sensor to become too fast for the sensor to register or may cause overflow in the OFS buffer.
In comparison, wide angle lenses allow for smaller longitudinal lens size, but require that larger features be available in the environment. They also decrease the HAG at which appreciable optical flow will be recorded for a given groundspeed. One particular advantage of wider angle lenses is that they are less susceptible to noise introduced by angular oscillations of the MAV in pitch and roll.
Another important consideration when choosing the sensor optics is lens diameter. This is especially important with regard to the corresponding f-stop value of the lens. The f-stop is defined as the ratio of the lens' focal length to its diameter and is a measure of the amount of light that the lens allows to pass through to the imaging array. Lenses with larger f-stops allow less light to pass through. Keeping in mind that the imaging array requires a light intensity of 80 to 100 mW/m 2 in the correct spectral range, it is important to select a lens with a low f-stop in order to increase the sensor's operational range. Because the sensor automatically adjusts shutter speed to keep the light intensity at an ideal level, there is no disadvantage to selecting a lens with a lower f-stop other than increased size. Another important implication of the f-stop is that selecting a lens with an increased focal length (a narrower angle lens) will not only increase the length of the lens, but also increase the diameter of the lens if the f-stop is to be maintained.
Based on the work of Griffiths et al., 7 a lens with a field of view of 2.5
• and f-stop of 2.0 is selected to be used in the wind estimation experiment.
III. Simulation and Flight Test Hardware
Each of the algorithms developed in this work are tested in the Aviones UAV flight simulator.
1 Simulation serves at least two important functions. First, when running the test in the simulator, there is a convenient measure of the true state. Second, in the simulation environment, emulated sensor measurements may be logged with the estimated and true states, with any number of intermediate variables. BYU has also developed a reliable and robust MAV platform for flight testing. Figure 4 shows the key elements of the testbed. Figure 4(a) shows the ground station components. A laptop runs the Virtual Cockpit software that interfaces through a communication box with the MAV. An RC transmitter is used as a stand-by fail-safe mechanism to ensure safe operations. Figure 4 (b) shows the airframe used in our research. The airframe has a 1.5 m wingspan and was constructed with an EPP foam core covered with Kevlar. We selected this fixed-wing MAV for its extreme durability, adaptability to adverse weather, enhanced fuel efficiency, useable payload, flexible component installation, and ease of operation. The airframe can carry a 0.34 Kg payload and can remain in flight for over 40 minutes at a time. Embedded in the airframe are the Kestrel autopilot, batteries, a 1000 mW 900 MHz radio modem, a 12 channel GPS receiver, a video transmitter, and the OFS.
Figure 4(c) shows Procerus' Kestrel autopilot which is equipped with a Rabbit 3400 29 MHz processor, rate gyros, accelerometers, and static and dynamic pressure sensors. The autopilot measures 3.8×5.1×1.9 cm and weighs 18 g. The autopilot also serves as a data acquisition device and is able to log 175 KB of userselectable variables at rates up to 60 Hz.
IV. Wind Estimate Results
A. Simulation
We added a wind factor to the Aviones environment with a 3 m/s West wind and 4 m/s South wind components to test the ability of our algorithm to find the wind velocity. The exact vector is then a 5 m/s wind from -143.13
• . We present results of a simulated experiment in Figures 5. In this experiment the MAV is set to fly a 300×300 m square-like path making 50 m radius turns at an airspeed of 13 m/s and at an altitude of 50 m. The average sample period was 0.6269 sec. Although there is some white noise in all the experiments, the mean wind speed and direction is found as predicted. 
B. Real-Flight
Since accurate wind measurements depend mostly on accurate crab angle measurements, ground tests were performed to test the robustness of the OFS in giving an accurate crab angle. The OFS gave close to exact angle measurements when moving at different speeds and crabbing at different angles, thereby proving its robustness.
The system was then flown at a large barren windy desert. The day of the flight, there was a strong SouthWest wind with a lot of wind gusts. The MAV was flown at an average height above ground of 41.9 m. The average sample frequency was 11.7 Hz. It is difficult to measure the exact wind velocity at flying altitudes for a detailed comparison. However, Figure 6 reflects the wind conditions of the day. 
V. Conclusions
